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ABSTRACT 
Due to increasing concerns for global climate change, onshore and offshore wind energy 
technologies have stimulated a tremendous interest worldwide, and are considered as a viable 
solution to mitigate the environmental impacts related to electricity generation. Although wind 
energy technologies have been considered as one of the cleanest energy sources, they have a 
wide range of direct and indirect environmental impacts when the whole supply chain is 
considered. This study aims to quantify the direct and indirect environmental impacts of onshore 
and offshore wind power technologies by tracing all of the economy-wide supply chain 
requirements. To accomplish this goal, we developed a comprehensive hybrid life cycle 
assessment (LCA) model in which process-based LCA model is combined with the economic 
input-output (EIO) analysis. The analysis results show that on average, concrete and steel and 
their supply chains are responsible for 37% and 24% of carbon footprint, consequently. On 
average, offshore wind turbines produce 48% less greenhouse gas emissions per kWh produced 
electricity than onshore wind turbines. For the onshore wind turbines, concrete, aggregates, and 
crushed stone approximately consume 95% of total water in this construction phase. On the other 
hand, concrete, lead, copper, and aggregate are responsible for around 90% of total water for the 
offshore wind turbines. It is also found that the more capacity the wind turbine has, the less 
environmental impact the wind turbine generates per kWh electricity.  
Moreover, based on the economic and environmental impacts of studied wind turbines 
and also three more nonrenewable energy sources, this study develops a decision making 
framework to understand the best energy source mix for a building in the state of Florida. This 
framework accounts for the uncertainty in the input material by deploying a Monte Carlo 
iii 
 
simulation approach. The results of decision making framework show that natural gas is a better 
option among nonrenewable sources. On the other hand, V90-3.0 MW offshore wind turbine is 
the best source of energy among renewable energy sources for a building. 
The findings of this research are critical for policy makers to understand the direct and 
indirect environmental impacts of different onshore and offshore wind energy systems. Also this 
study furnishes the decision maker with a range of possible energy mixes based on different 
economic and environmental weights. 
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CHAPTER 1: INTRODUCTION 
1.1      Research Problem Statement 
The utilization of fossil fuels is causing local and global environmental problems. Hence, 
fossil fuel consumption should be minimized and green energy technologies should be supported 
by policy makers for more sustainable energy policies (Midilli et al. 2007). At this point, green 
power is considered as one of the options to mitigate the energy related environmental impacts. 
Moreover, the significance of climate change threat and concerns about the global warming has 
encouraged the world to ponder in the reduction of greenhouse gas emissions as a main goal of 
the society. Green power has higher environmental benefits than the conventional power and is 
one of the options to mitigate the energy related environmental impacts. It is a fact that climate 
change is one of the main reasons that makes the wind energy an attractive option among the 
new generation energy systems. The wind power industry has presented itself to be one of the 
best green and renewable energy sources (Martínez, Sanz, Pellegrini, Jiménez, & Blanco, 2009). 
For this reason, the utilization of wind energy is in a significant growing trend, both globally and 
in the United States. The increasing trend of used wind power energy in the United States started 
During 1970s; where it had experienced the first use of wind energy in California, due to the 
higher price of oil-based electricity (U.S. Department of Energy, 2008). Despite the financial 
crisis and reduction of the wholesale electricity prices in 2009, the rate of wind power utilization 
in the United States was 20% higher than its previous record (See Figure 1), while the amount of 
cumulative wind power capacity increased by 40% in the same year (Wiser et al., 2010). After 
natural gas, wind power energy is the second largest new resource to the U.S electricity grid. By 
more than 46,000 MW at the end of 2011, united states has more than 20 % of wind power 
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energy among the world (Bolinger & Wiser, 2011). In addition, U.S. Department of Energy 
(DOE) has developed an energy scenario in which the share of wind energy in the energy 
portfolio of U.S. will be 20% by the year of 2030, which means that a tremendous growth of 
wind energy capacity is projected in the amount of 300 giga-watts (U.S. Department of Energy, 
2008). The increasing share of wind power in the electricity grid of U.S. will, in turn, lead to an 
emphasis on understanding the related environmental impacts of wind power industry. 
 
(Bolinger & Wiser, 2011) 
Figure 1. Annual Capacity of Wind energy in the United States  
However, the utilization of wind turbines for electricity production has a wide range of 
direct and indirect environmental impacts related to consumption of natural resources and energy 
in different life cycle phases, such as material extraction and processing, construction of wind 
plant, transportation of materials, operation, and dismantling. Considering these direct and 
indirect environmental impacts play a vital role in answering this question that to what extent 
wind power technology is a sustainable solution. 
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To answer the questions related to environmental impacts of wind energy technologies, 
life cycle assessment (LCA) models could be utilized. LCA is a well-established decision-
making tool that aims to quantify the environmental impacts of a product or a process from 
cradle to grave. In general, processed-based LCA (P-LCA) suffers from the unwanted errors due 
to narrowly defined system boundaries. In these LCA models, only on-site, mostly first-order, 
and some of the second-order impacts are considered (Manfred Lenzen, 2000; Manfred Lenzen 
& Munksgaard, 2006). However, approaches based on holistic environmental LCA methods can 
estimate the total environmental impacts across the entire supply-chain. Although these models 
are very successful in including the entire economic supply chain that would be mostly missed 
with P-LCA, analysis of specific processes is not found to be as detailed as P-LCA. 
Moreover, finding the best source mix of energy for the buildings is of high importance to 
fulfill the requirement of an environmentally friendly combination of energy sources. While the 
capacity of nonrenewable energy sources is more than renewable energies, they effect 
environment more (EIA, 2011a). Therefore, there is a need of a decision making framework to 
find the best combination of energy sources based on their capacity, cost and environmental 
impacts. 
1.2      Aims and Objectives 
As can be seen from the earlier LCA studies, the environmental impacts of different wind 
power plants have been extensively analyzed using the P-LCA models. In order to take 
advantage of both economic input-output LCA (EIO-LCA) and P-LCA, hybrid LCA models 
were developed to combine both models to provide more detailed and powerful assessment 
methodology (Bullard, Penner, & Pilati, 1978). The EIO based hybrid LCA methodology can 
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also be utilized to quantify the environmental implications of onshore and offshore wind plants; 
however there have been limited researches considering direct plus indirect environmental 
burdens of these energy systems, simultaneously. Therefore, the overarching goal of this study is 
to fill this research gap, and answer the questions regarding the sustainability performance of 
different onshore and offshore wind power technologies from a systems perspective. This study 
also aims to find the best energy source mix for a building based on the existing nonrenewable 
and renewable energy sources capacities. This decision making tool optimizes the share of 
energy sources based on their economic and environmental impacts.  
Therefore, the goal of this study is to answer the following research questions using 
different methodologies such as life cycle assessment and stochastic optimization: 
1- What are the different life cycle phases for generating electricity by means of wind 
turbines? 
2- What is the life cycle inventory for onshore and offshore wind turbines? 
3- What are the direct and all supply chain related indirect environmental impacts of 
different onshore and offshore wind power plants? 
4- What is the sensitivity of a wind turbine life time or production on its environmental 
burden? 
5- How can we account for the variability and uncertainty in the input materials? 
6- How can we deploy multi-criteria decision making analysis to find the best energy 
source mix for a building? 
This study will distinguish itself from earlier LCA studies in two ways. First, we propose 
to calculate the carbon footprint considering all indirect processes involved in the life cycle of 
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wind power plants. Obviously, there is a strong need for calculating the overall carbon footprint 
of on-shore and off-shore wind energy systems considering their supply chains; however we are 
not aware of any research in the U.S. analyzing the GHG emissions of these systems through 
bottom-to-down analysis. Secondly, the end-of-life scenario of the wind farm is found to be very 
important for the overall environmental impact of the electricity production. A significant 
positive effect might be reached if recycled materials replace newly produced materials 
(Weinzettel, Reenaas, Solli, & Hertwich, 2009). In accordance with this finding, we will evaluate 
the end-of-life options in a way that different wind turbine components will be recycled, and then 
used in remanufacturing process. After that, we will analyze the direct and indirect GHG 
emissions and other environmental savings associated with recycling of waste materials. Third, a 
Multi Criteria Decision Making (Compromise programming) tool is deployed to find the best 
suitable energy mix for the buildings in the state of Florida. This decision making tool is merged 
with the Monte Carlo Simulation to account for the uncertainty in the input materials.  
1.3      Organization of Thesis 
To answer the defined research questions, the rest of the thesis is organized as follows. 
The second chapter provides the used methodology in the research. 
First the life cycle assessment is explained and then different types of life cycle 
assessment (LCA) methodologies are discussed. Chapter two discusses the advantages of using 
renewable energy, and wind energy sources specifically, for the buildings. A brief review of 
conducting LCA for environmental analysis of wind power plants is also presented in this 
chapter. 
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Third, the Environmental Input-Output Analysis is mathematically presented and 
followed by the explanation of Hybrid-LCA. Finally, the uncertainty in the input materials is 
discussed and methodology of Monte Carlo Simulation and also Multi-Criteria Decision Making 
Analysis are introduced. 
Fourth chapter is dedicated to data collection and life cycle inventory analysis of four 
different studied wind turbines. In this chapter, the scope of the study and also the functional unit 
is explained. 
Using Hybrid-LCA methodology, the environmental impacts associated with per kWh 
electricity generation for four different onshore and offshore wind turbines are represented in 
chapter five. Then a sensitivity analysis is performed on the life time of the wind turbines as well 
as the electricity generation of wind turbines. Moreover, applying Monte Carlo Simulation and 
Multi Criteria Decision Making (Compromise programming) tool, the selection of different 
energy sources are presented for different cost and environmental weights. 
Finally in chapter six, the findings are summarized and conclusion is presented. 
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CHAPTER 2: WIND ENERGY AND BUILDINGS 
2.1      Introduction 
In this chapter, the importance of renewable energy sources for the future energy mix of 
United States is explained. First the increasing trend of wind energy capacity in the United States 
is showed and then the relationship between renewable energy sources and green building is 
discussed. Moreover, in this subsection, the importance of green building rating system, 
especially LEED, is described. Finally different examples of application of LCA in assessing 
wind power plants are discussed.  
2.2      Increasing trend of wind energy sources 
Climate change, global warming and energy insecurities are among top concerns in our 
era (Mark Z. Jacobson & Delucchi, 2011). Global warming is real and human activities are 
responsible for most of the impacts, as mentioned in Intergovernmental Panel on Climate 
Change’s report (IPCC) (IPCC Working Group I, 2001). One of the most common mitigation 
techniques to solve these problems is replacing the non-renewable energy sources with 
renewable energy sources. In 2001, Jacobson & Masters showed that by replacing the 60% of 
coal power plants with equivalent wind energy sources, United States can meet its requirement 
for the Kyoto Protocol in reducing carbon dioxide (M Z Jacobson & Masters, 2001). Nowadays, 
wind energy is one of the fast growing forms of renewable energy (Dayan, 2006). It will be the 
leading source of renewable energy comparing to Biomass, Solar and Geothermal in the future, 
due to United States Energy Administration Projections in their 2012 Annual Energy Outlook 
report (See Figure 2). As can been seen from Figure 2, among all of the renewable energy 
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sources, the projections of wind energy capacity is much more than other sources by 2035. This 
admits that U.S. government insists on implementing the ―Department of Energy 20% Wind 
Energy Scenario by 2030‖ (U.S. Department of Energy, 2008).    
(EIA, 2012a) 
Figure 2. Renewable Energy Projections in the world  
The United States is one the leading countries in the world effecting the environment, as it 
is responsible for 19% of total emissions happening in the world (EPA, 2008). 
2.3      Green Building and Sustainable Design 
Recently, sustainable design or commonly named as green development has gain 
interests. The green building movement is rapidly rising up due to increased knowledge and 
consciousness of environmental footprint and climate change (Tatari & Kucukvar, 2011). The 
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concept of green building started to gain its acceptance in the early 21
st
 century. Thereafter, it has 
affected the design and construction of the buildings (Kibert, 2012). This process represents the 
situation that a building consumes less resource and produces more benefits for the people (AIA, 
2012). Nevertheless, it is not a new design process. The final objective in the green design is to 
design and construct a building with net environmental effects. These environmental impacts can 
be the carbon footprint, water footprint, energy footprint of even land footprint of a building. In 
another words, green building goal is to maximize the performance of the building by reducing 
its consumption of energy and nonrenewable resources. In sustainable development, green 
building is one of the substantial components (Kibert, 2012).  
On the other hand, buildings consume a great share of electricity and in general energy, 
among other economic sectors in the whole nation. Based on United States Energy Information 
Administration’s (EIA) report, commercial and residential buildings are responsible for 40% of 
the United States energy consumption. Also, almost 70% of the electricity is consumed by 
buildings (EIA, 2005). Moreover, buildings are responsible for approximately 39% of the total 
greenhouse gas emissions in the United States, and 8% of the total greenhouse gas emissions in 
the world (EIA, 2008; IPCC, 2007).  
The Leadership in Energy and Environmental Design (LEED) certificate is the most 
famous rating system for the buildings and is growing rapidly through US buildings, as the 
number of LEED certified buildings in the US is increasing tremendously (Kibert, 2012). The 
latest version of LEED rating system, which is LEEDv2009, stimulates the importance of 
renewable energy by considering 7 credits for on-site renewable energy systems. The LEED 
credit breakdown is indicated in Table 1. As can be seen the energy and atmosphere counts for 
17 points of a LEED certified building (USGBC, 2009). Using renewable energies as electricity 
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source for a building is a key point for success in achieving a net-zero carbon building. In other 
words, a net-zero carbon building is heavily dependent on the source of electricity which is 
consumed in the building (Torcellini, 2006). LEED for new construction rating system 
encourages the purchase of green power for a building. This purpose of the encouragement is to 
enhance the implementation and development of renewable energy sources. As EIA reports in its 
―The Future Electricity Fuel Mix‖ report, only 10% of the U.S. primary consumption was 
provided by renewable energies by 2010 (EIA, 2012b). As indicated in Figure 3, 2.3% of that 
10% of renewable energy sources are is provided by wind power plants. Moreover, non-hydro 
renewable energy share increases more than double between 2010 and 2035. Among the non-
hydro renewable energy sources, wind energy has the highest rate of increase.  
Table 1. LEED breakdown for the new construction category 
LEED Breakdown 
Category Possible Points 
Sustainable Sites 14 
Water Efficiency 5 
Energy and Atmosphere 17 
Materials and Resources 13 
Indoor Environmental Air Quality 15 
Innovation and Design 5 
Total 69 
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(EIA, 2012b) 
Figure 3. United States Primary Energy Consumption  
2.4      Application of LCA in Wind Power Plants 
There are several interesting studies on the environmental impacts of renewable energies 
(Corti, 2004; M. Lenzen, 1999; Tripanagnostopoulos, Souliotis, Battisti, & Corrado, 2005). 
There are a few studies that discussed the sustainability impacts of wind energy. For instance, 
Kaldellis and Zafirakis reviewed the previous works on wind energy applications and studied the 
wind energy developments, globally and in the United States (Kaldellis & Zafirakis, 2011). In 
their study, they underlined the main issues of global market facts, technology, economic and 
environmental performance of wind power. Esteban et al. (Esteban, Diez, López, & Negro, 
2011) discussed the increasing trend of offshore wind energy utilization and compared offshore 
wind power with onshore wind power and other renewable energies. Lenzen and Munksgaard 
reviewed the existing life cycle assessments of wind turbines and discussed the variation of 
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energy use and CO2 emissions among them. Based on their study, about 70 LCA studies on wind 
energy systems analyzed the impact of different parameters, such as lifetime, load factor, and 
power rating on the amount of energy and CO2 emissions (Manfred Lenzen & Munksgaard, 
2006).  
In addition, Lenzen and Wachsmann studied a particular wind turbine in Brazil and in 
Germany, in order to estimate the effect of geographic factor on the life cycle energy 
consumption and CO2 emissions (Manfred Lenzen & Wachsmann, 2004). In this study, five 
scenarios with five installation options have been taken into account. Schleisner developed the P-
LCA model to quantify the energy and emissions related to offshore and onshore wind farms 
(Schleisner, 2000). In this survey, a Danish model has been employed to assess the life cycle of 
different materials. The energy supply system follows the Danish condition, and then the total 
energy use of the 1 Kg of materials, related to production, manufacturing and transportation, has 
been calculated. The offshore wind farm includes 10 wind turbines, each with 500 KW 
capacities, and the onshore wind farm consists of 18 wind turbines, each with 500 KW 
capacities. In this study, the total energy use associated with the production, manufacturing and 
transportation has been calculated. In addition to these studies, Jungbluth et al. in Europe studied 
on the environmental impacts of four different onshore wind turbines with capacity ranging from 
30 kW to 800 kW, and one offshore wind turbine with 2 MW capacity using the P-LCA 
methodology (Jungbluth, Bauer, Dones, & Frischknecht, 2004) In another study, Ardente et al. 
evaluated the energy and environmental impacts of a wind farm, which consists of 11 wind 
turbines, each with 660 kW capacities by developing P-LCA model for a functional unit of one 
kWh electricity production (Ardente, Beccali, Cellura, & Lo Brano, 2008). Additionally, 
Martinez et al. developed the P-LCA model for a multi-megawatt wind turbine. This study 
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focused on the environmental impacts of onshore wind turbine with 2 MW capacity, which is 
installed in Spain (Martínez et al., 2009). 
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CHAPTER 3: METHODOLOGY 
3.1      Introduction 
The methodology of the study is presented in this chapter (See Figure 4). First, the history 
of life cycle assessment (LCA) is explained and general framework of a LCA analysis is 
presented and different stages of LCA are described. Second, the ―Cradle to Cradle‖ concept and 
how it helps the life cycle assessment methodology is discussed. Third, different types of LCA 
methodologies are presented and it is discussed why a Hybrid LCA methodology is used in this 
study. Fourth, the mathematically content of the used Hybrid LCA is presented. At last, the 
problem of uncertainty in the input materials in every LCA analysis is discussed and the 
mathematical content of Monte Carlo Compromise programming tool is explained. 
Figure 4. General Framework of the used methodology 
EIO-
LCA 
P-
LCA 
Compromised 
Programming 
Monte 
Carlo 
Simulation 
Hybrid LCA 
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3.2      Life Cycle Assessment 
A set of objects with relationships in between that perform a collection of defined 
functions is called a system (Hall & Fagen, 1990). Any of the industrial systems can be 
distinguished by the system boundaries that include their operations. The system environment is 
the region between the industrial system and its surrounding. An industrial system has some 
interactions with its system environment. Figure 5 shows a schematic view of industrial system 
and the system environment. In this regard, the inputs are consists of raw material that are taken 
from the environment and the outputs represent the generated waste by the industrial system that 
are emitted to the environment. 
 
(Fava et al., 1991) 
Figure 5. The Industrial System and System Environment  
Life Cycle Assessment (LCA) is a well-established decision-making tool that aims to 
quantify the environmental impacts of a product or a process from cradle to grave by including 
several life cycle phases; raw material extraction and processing, manufacturing, use phase, and 
end-of-life (ISO, 1997). This analysis takes into account all of the side streams releases to the air, 
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water and soil (Curran, 1996). The life cycle analysis starts from extracting materials from the 
earth ad until the materials are returned to earth in different shape. Considering the end-of-life 
phase in a life cycle assessment, ―cradle-to-cradle‖ analysis can be performed, where materials 
are studies until returning to the manufacturing cycle. Cradle-to-cradle analysis will be better 
explained in this chapter. Figure 6 represents the life cycle stages as well as possible inputs and 
outputs of an industrial system. 
 
(EPA, 1993) 
Figure 6. Life Cycle Stages 
The first application of life cycle assessment is traced back to early 1960s, where United 
States Department of Energy was conducting several studies related to fuel cycle. However, 
these studies did not focus on environmental aspects of life cycle assessment. With the oil crisis 
17 
 
in 1070s, energy analysis of industrial systems gained tremendous interests and in the mid-1970s 
organizations such as Arthur D. Little and Midwest Research Institute (MRI) in the United States 
focused on environmental LCA methodologies (Curran, 1996). Therefore life cycle assessment is 
initially utilized for evaluating the energy requirements of industrial systems. Generally, life 
cycle assessment was firstly performed by manufacturing firms to express the environmental 
priority of their products over a similar product in the market. During the last few years, by 
increasing the environmental awareness, the products and processes are more assessed to better 
understand their impacts on the environment (EPA, 2006).  
The Society of Environmental Toxicology and Chemistry firstly published a few publicly 
accepted standards and guidelines about life cycle assessment (SETAC, 1994). Nowadays, the 
guidelines of International Standard Organization are considered to be the LCA standards. Goal 
and scope definition, life cycle inventory (LCI) analysis, life cycle impact assessment, and 
interpretation of results represent the main consequent steps of a generic LCA methodology 
(International Standard Organization 1998; 2000a; 2000b). Descriptions of these steps are as 
follows: 
 Goal and scope definition: in this step, the objective of analysis is clearly 
explained and also the scope of study as well as system boundary is defined (ISO, 
1997).  
 Life cycle inventory (LCI) analysis: In this step all the system inputs and outputs 
are quantified. These inputs and outputs consist of raw material as well as energy 
consumptions and also environmental emissions to air, water and soil throughout 
the product life cycle (ISO, 1998). 
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 Life cycle impact assessment: The environmental effects of all of the emissions in 
the life cycle inventory are assessed in this step. This assessment should take into 
account all of burdens over environment ecology, human health and also habitats 
(ISO, 2000a). 
 Interpretation of the results: Also called improvement assessment is a macro level 
evaluation which helps the decision makers to make more reliable decisions. 
Figure 7 shows the interactions between different steps in a LCA analysis (ISO, 
2000b). 
 
(ISO, 1997) 
Figure 7. Life Cycle Stages 
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3.3      Cradle to Cradle Analysis 
Cradle to Cradle is an approach to save the planet with the idea of changing the 
manufacturing process of goods and producing a life cycle assessment. As we know about ―the 
cradle to grave‖ analysis, it is based on a use cycle which starts with producing, known as cradle, 
and ends with disposal and use, known as grave. There is a more sustainable approach to the life 
cycle of products which starts with producing but does not end with disposal. The cycle 
continues on recycling the material with this notion in mind that each recycling may have effects 
on the environment. The cradle to cradle cycle investigates all the impacts on the environment 
caused by the product and attempts to minimize it. Furthermore the cycle goes beyond this point 
as does not look at the recycling as the end point. The idea is that the waste should not exist at 
all. Those who support this idea claim that we as human beings should live within the nature 
while we are living against it and we have been living with this manner since the advancement of 
technology. The key to be friendlier with the environment is not only acceptance but also 
respecting the biodiversity. We can use the uniqueness of the nature around us with the aim of no 
waste. A great part of the cradle to cradle cycle is the choices that are made as human beings to 
cope with the environment and reducing waste (McDonough & Braungart, 2002). 
The industrial revolution seems as a turnover in the modern life style. This development 
happened so fast and influenced the life style of people so unexpectedly that even caused 
misbalance in the natural environment.  Just as an example manufacturing brought a huge 
amount of pollutants to the surface water and groundwater sources or the air pollutant that the 
advancement of the machinery caused. This industrial revolution was not aimed to protecting the 
environment and was only focused on advancing the human life. The attempts made by the 
revolution were all based on the ―cradle to death‖ cycle which had a lot of long term impacts and 
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subsequences. To achieve what human beings have now, the earth is deployed, the balance of the 
eco-systems is disturbed and the life of the future generations is put in danger.  
Population growth and the fact that we will not have enough resources to use were 
predicted long ago. The valuable resources should not be used commonly. For instance the oil 
should be only for emergencies; instead we can use solar energy and wind turbines to produce 
the energy to replace the fossil fuels.  Eco-efficiency is the art of respecting the nature with the 
producing an efficient manufacturing processes. Impacts on the economic and slowing the trades 
are the fear carried with this idea of this change.  
The history of human being and the evolution since the nomadic humans gives us great 
ideas on how we changed the environment on earth and illustrates the impacts we made through 
the technological improvements and industrial revolution. The manufacturing processes 
nowadays produce lots of plastic products that cannot be returned to the nature safely and the 
harm they cause to the environment is enormous.  The ―cradle to cradle‖ system will prevent the 
use of material which will be thrown away. With this idea, we return all this harmful materials to 
the earth and we do not think about the consequences it may have. The nature we are living in is 
not capable of taking care of all this mess we bring to it. There would be two systems to keep the 
life style with the current quality while we do not attack the nature. The first one is a system to 
prevent the materials such as plastic to be returned to earth, while the second one suggests that 
we need to go back to the time before the industrial revolution happens and try to model those 
days to re-establish the uniqueness of nature. The aim should not only be not harming the 
environment but also helping the future bring enough sources for the next generations. We all 
agree that life without today’s technology would be impossible, so we have to design a path 
which without going back we can make the enough change (McDonough & Braungart, 2002).  
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To look optimistic at the ―cradle to cradle‖ system, each ingredient in manufacturing 
process should be evaluated to reduce the product of the bad materials which turn to waste in the 
future. In the meanwhile the value of the products that are replaced is maintained. In this study, 
this idea in implemented by considering the recycling strategies of different wind turbines. These 
strategies are further explained in chapter 3. 
3.4      Life Cycle Assessment Methodologies 
There are different types of life cycle assessment methodologies: 
 Cradle to grave: as discussed previously in this chapter, refers to a product life 
cycle from extraction of raw material to the disposal phase (Curran, 1996). 
 Cradle to gate: This particular type of life cycle assessment looks at a product life 
cycle from raw material acquisition until the product is ready for shipment. 
Basically the transportation phase and also end of life phase is not taken into 
account in this type of methodology (McCulloch, Raynolds, & Laurie, 2002). 
 Cradle to Cradle: This approach is also discussed previously and represents a more 
broad analysis of life cycle considering the recycling phase (McDonough & 
Braungart, 2002). 
 Ecological LCA: While commonly named as Eco-LCA, it considers much more 
ecological impacts than conventional LCA (The Ohio State University PSE Group 
and Center for Resilience, 2009).  
 Economic Input-Output Life Cycle Assessment: Abbreviated as EIO-LCA, looks 
at the direct and indirect impacts of a product or process by tracing all of the first 
22 
 
order and also supply chain related emissions (Carnegie Mellon University Green 
Design Institute, 2002).  
In general, processed-based LCA suffers from the unwanted errors due to narrowly 
defined system boundaries. In these LCA models, only on-site, mostly first-order, and some of 
the second-order impacts are considered (Manfred Lenzen, 2000; Manfred Lenzen & 
Munksgaard, 2006). However, approaches based on holistic environmental LCA methods can 
estimate the total environmental impacts across the entire supply-chain, and earlier studies 
suggests that using narrowly-defined estimation boundaries will generally lead to large 
underestimates of carbon emissions and other environmental life cycle impacts (Suh et al., 2004). 
 
(Sathaye & Chester, 2006) 
Figure 8. Hybrid LCA 
Although these models are very successful in including the entire economic supply chain 
that would be mostly missed with Processed-based LCA (P-LCA), analysis of specific processes 
is not found to be as detailed as P-LCA. In order to take advantage of both economic input-
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output LCA (EIO-LCA) and P-LCA, hybrid LCA models were developed to combine both 
models to provide more detailed and powerful assessment methodology (Bullard et al., 1978). So 
in this study, a Hybrid LCA is conducted to evaluate the environmental impacts of four different 
onshore and offshore wind turbines. For the P-LCA part of the hybrid LCA method, the cradle to 
cradle approach is taken into account to broadly cover all of burdens. In the next section, the 
mathematically content of the EIO-LCA and Hybrid LCA method is represented. Figure 8 shows 
how EIO methodology helps P-LCA, combining those leads to a comprehensive life cycle 
assessment methodology. 
3.5      EIO-LCA and Hybrid LCA 
Economic input-output analysis is a well-established model, which was theorized and 
developed by Wassily Leontief in 1970s, based on his earlier works in the late 1930s, for which 
he received the Nobel Prize (Leontief, 1936, 1976). In its simple and basic form, an input-output 
model includes a system of linear equations, and each one introduces the distribution of an 
industry’s product throughout the economy (Miller & Blair, 2009). Input-output methodology is 
widely used for economic planning and analysis in the United States and throughout the world 
(Conway-Schempf, 2006). In this study, the EIO-LCA model, which includes 428 sector input-
output tables for the U.S. economy, has been used (CMU Green Design Institute 2002). These 
input-output tables are gathered from open-source United States Department of Commerce 
databases (BEA, 2002). EIO-LCA tool then converts the economic activity of each sector to its 
environmental impact. This is done through matrix algebra and also using a variety of public 
resources. The following public resources are used in the EIO-LCA tool (Conway-Schempf, 
2006): 
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 The Commodity-by-Industry matrixes of Bureau of Economic Analysis (BEA, 
2002). 
 The Census of Manufacturers database to estimate the electricity use of sectors. 
 Fuel use is calculated using the purchased commodities in the economy and the 
average price of goods. 
 EPA’s Toxic Release Inventory is used to estimate the amount of toxic releases for 
each sector (EPA, 2002). 
 
As shown in Figure 9, Input-output analysis enables us to include all the direct and 
indirect supply chain related activities to our analysis. Accordingly, as Lenzen and Murray 
indicated in their paper related to trends and issues of ecological footprint, the supply chain of 
manufacturing steel can be shown as Figure 10 (Manfred Lenzen & Murray, 2003).  
 
Figure 9. Supply chain related activities in producing electricity by wind turbine 
 
Wind Turbine Steel Aluminium Fiberglass …… Construction Erection
Energy Iron ore Transportation ….. Human Resource
Coal Transportation …… Human Resource
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(Manfred Lenzen & Murray, 2003; Yu, Ugon, & Lenzen, 2012) 
Figure 10. Supply chain of producing steel 
 Then using the EIO-LCA model, GHG and toxic emissions, as well as energy and water 
consumption of producing electric energy from onshore and offshore wind turbines have been 
analyzed from a holistic perspective.  
Through the following paragraphs, the mathematical content of EIO-LCA tool is 
explained. In the EIO model, the sector-level interdependencies are considered, and represented 
by the direct requirement matrix of A. This matrix represents the direct requirement A, which 
consists of dollar value of inputs required from other sectors to produce one dollar amount of 
output. In addition, f which is named as the final demand vector represents the change in a final 
demand of the desired sector.  I is the identity matrix, and X denotes the total output of a sector 
that can be expressed as (Joshi, 2000): 
X= (I-A)
-1
f   ( 1 ) 
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(I-A)
-1
 also is called as the Leontief inverse or the total requirements matrix (Miller & 
Blair, 2009). The environmental impacts of an industrial sector can be calculated by multiplying 
the economic output of the industrial sector with per dollar environmental impacts of output, and 
it can be written as follows  (Hendrickson, Horvath, Joshi, & Lave, 1998): 
Oi=EiX=Ei(I-A)
-1
f  ( 2 )  
where Oi is the total environmental outputs (direct impacts and indirect impacts) for the 
category of i, and Ei represents a diagonal matrix including the environmental impacts per dollar 
output of industrial sectors.  
In this study, a hybrid EIO-LCA model has been developed which aims to quantify the 
total environmental burdens of different wind turbines. The mathematical formulation of a 
hybrid LCA model can be expressed as follows:  
Ri=Ei(I-A)
-1
f  + Qiei  ( 3 ) 
where Ri is the total environmental burden which is summation of direct and indirect 
environmental impacts associated with the entire life cycle of a wind turbine. Qi is the total input 
requirements for a process, and ei is unit environmental impact factor associated with the 
consumption of Qi.  
For example, GHG’s are emitted during the transportation of materials in manufacturing, 
operation, maintenance and end-of-life phases. We considered diesel as a main fuel source for 
the transportation. The amount of GHG’s emitted here includes the whole supply chain of diesel 
production. Moreover, based on Eq. 3, tailpipe emissions related to diesel combustion has been 
also considered, which is called as process emissions. For the other environmental impacts of 
27 
 
wind power plant, the same hybrid LCA methodology has been utilized. The same methodology 
is used in Noori et.al, 2013.  
3.6      Mathematical Formulation of Compromise programming Model 
Multi-objective optimization model is critical for finding a feasible alternative that yields 
the most preferred set of values for the objective, which aims to minimize both cost and 
environmental impacts toward selecting optimal energy source mix for a building. In order to 
realize this goal, a compromise programming model, which is widely used for solving multi-
objective linear, nonlinear or integer programming problems, is developed to optimize multiple 
cost and sustainability objectives.  
The compromise programming model measures the distance based on La metric. The La 
metric defines distance between two points such as Z*k (x) and Zk (x). As can be seen from the 
Eq.2, a compromise programming model uses a distance-based function in order to minimize the 
difference between ideal and compromised solutions. The formulation of La metric is presented 
as follows (Chang, 2001): 
      {∑     
   )      ))} 
( 4 ) 
Each objective function can have different unit, and therefore normalization is needed 
before the optimization model is constructed. The values after normalization will be confined to 
a given range such as 0 to 1. The normalization function Z can be expressed as: 
  
  
   )      )
  
   )
 ( 5 ) 
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After completing the normalization procedure, the distance-based compromise 
programming formulation can be written as (Chang, 2001):  
          {∑   
  
   )      )
  
   )
)} ( 6 ) 
Subject to:   
∑  
 
   
   ( 7 ) 
In this formulation,   
  represents the ideal solution for objective k. Each objective 
function should be optimized individually in order to find the amount of   
 . Also, the parameter 
p represents the total number of objectives, and    refers to the corresponding weight associated 
with each objective. After developing the mathematical structure of the compromise 
programming, this optimization model is coupled with Monte Carlo simulation to account for the 
uncertainty in the input variables. Uncertainty and variability arise in different life cycle phases 
of each energy sources. Combining these two methodologies at the same time can be a suitable 
tool for selecting the best energy allocation for buildings in the United States. Additionally, to 
account for the relative importance of each sustainability objective, cost and environmental 
weights are assigned in which    ranges from 0 to 1 for each of the objective function 
3.7      Uncertainty, Monte-Carlo Simulation and Multi-Criteria Decision Making 
One of the problems in performing life cycle assessment analysis is its time and resource 
consuming nature. Quantifying all the inputs and outputs in an industrial system can cost as high 
as endangering the feasibility of the life cycle assessment. Moreover, the accuracy and 
availability of the data can enormously affect the final impacts (EPA, 2006). There is a 
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considerable amount of uncertainty in the input materials. Although each LCA study tries to 
capture the whole picture of processes and phases with an acceptable precision, still there might 
be variability in the inputs. In this study, transportation distances and in general transportation 
phase is one of the origins of uncertainties. We assume that the transportation distances taken 
from the databases are only expected values. Then we consider these distances as variables 
which vary in a range of 50% lower and 50% higher than the expected value. We assume a 
normal distribution for the transportation distances between the lower and upper limit. Also the 
costs of each of the alternatives are considered to vary within 30% lower and 30% upper than the 
expected values. This model has two main criteria. The reason that we select these cost and 
transportation distances as uncertain values is that cost itself plays a role as a criterion in the 
decision making model. Moreover, as it will be shown later in the results section, transportation 
phase has the highest amount of impact to the greenhouse gas emissions. Therefore changing in 
transportation distances will lead to a considerable change in total emitted greenhouse gasses.  
A Monte Carlo Multi-Criteria Decision Making approach is used for selection of different 
energy sources. This approach uses Monte Carlo simulation to account for the uncertainty in the 
input parameters. Then a previously explained compromise programming method is deployed to 
select the best share of energy sources for a building based on two criteria. This analysis has also 
been done for different weights. In this study, alternatives are three nonrenewable energy sources 
and four different wind turbines, two onshore and two offshore, and the comparison performs 
between these different choices. Each of these wind turbines has been analyzed based on 
different criteria.  
As mentioned, Monte Carlo method simulates the effect of uncertainty and variability in 
the input material. Monte Carlo is a mathematical computerized method which provides a range 
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of possible outputs for the use of decision maker. It is any method that uses the random numbers 
to quantify results of a problem (James, 1980). In another words, for an acceptable number of 
iteration, this method picks a number in a defined range and considers it as an input or a part of 
inputs. Then based on the inputs, outputs are estimated and captured. This approach is performed 
over and over and finally a probabilistic based result can be shown for the number of selections 
of each alternative.  
Let the final results be F= F (r1, r2, …, rn) which itself is a function of random numbers ri. 
Assuming the random numbers to follow the uniformly distributed definition, each number lays 
between zero and one. Then the Monte Carlo result is an estimation of the following integration 
(James, 1980): 
  ∫   ∫             )          
 
 
 
 
 
( 8 ) 
In each replication, we randomly pick a number representing the cost amount and 
environmental impact for each energy source. We assume that the probability distribution of the 
input is as uniformly distributed. The model then has been run for 100,000 replications. The 
reason that we run the model for this much replication is that it is run for 50,000 times first and 
then 100,000 and the final results are compared. There was not a significant difference between 
these two replications. Applying a Monte Carlo simulation method benefits us from considering 
more than just the calculated input variables and allows us to have a set of alternative selections 
with different probabilities. The same methodology is used in Kucukvar et al., 2013. 
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CHAPTER 4: DATA COLLECTION 
4.1      Introduction 
In this chapter the process of data collection is thoroughly explained. Collecting data is 
one of the most crucial steps in each LCA analysis. Accuracy of collected data has a 
considerable effect on the final results. In this chapter, first the scope of study and the used 
functional unit for the analysis is explained. Second, the life cycle inventory analysis and how 
the data is collected is presented. In this sub section, the studied wind turbines are described in 
details.  
4.2      Scope of the Study and Functional Unit 
In this study, we analyze the environmental impacts of four different wind turbines. The 
environmental factors consist of greenhouse gas (GHG) emissions (g CO2-eq), energy 
consumption (kJ), toxic releases into air, surface water, and underground water (mg), hazardous 
waste (kg), and water withdrawal (gal). The results are expressed over the life cycle of a wind 
turbine based on one kWh electricity production. This functional unit is the most commonly used 
unit in life cycle studies in energy related areas (Manfred Lenzen & Munksgaard, 2006). In 
addition, the wind turbines in our analysis consist of two onshore (V80-2.0 MW and V90-3.0 
MW) and two offshore (V80-2.0 MW and V90-3.0 MW) turbines, which are manufactured by 
Vestas Wind Systems A/S. Several important life cycle phases, such as manufacturing of the 
wind turbine and related components, construction and erection, operation and maintenance 
services, transportation and end-of-life have been included in the scope of our study. Figure 11 
represents the graphical consequence of different life cycle phases in a general renewable energy 
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analysis (Vestas Wind Systems A/S, 2010). In this study manufacturing phase considers raw 
material and extraction and also suppliers. Also the recycling is taken into account in the end-of-
life phase. 
(Vestas Wind Systems A/S, 2010) 
Figure 11. Life Cycle phases in a general renewable energy analysis  
4.3      Life Cycle Inventory Analysis 
For the detailed inventory data, two VESTAS LCA reports, comparing onshore and 
offshore wind turbines have been used (Vestas 2004;Vestas 2006). The information on total 
electricity generation, tower weight and height, and foundation weight are presented in Table 2 
with details. A wind turbine consists primarily of four main parts, such as foundation, tower, 
nacelle and rotor. Figure 12 indicates different part of nacelle and rotor in a typical wind turbine. 
The description of these parts is expressed in Table 2. 
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(Vestas Wind Systems A/S, 2010) 
Figure 12. Different parts of rotor and nacelle in a wind turbine 
Table 2. General specification of the onshore and offshore wind turbines 
 
Description Materials 
1 Rotor Blades and hub incl. spinner 
2 Blade Fiberglass, epoxy and carbon fiber 
3 Hub incl. spinner Cast iron, steel, fiberglass and polyster 
4 Gear Cast iron and steel 
5 Generator Cast iron, steel and copper 
6 Transformer Steel, copper, aluminum and epoxy 
7 Nacelle Glass-reinforced plastic 
8 Main foundation Cast iron 
9 Electricity switchboard Estimated approximately 
10 Tower Steel with surface coating 
11 Cover Fiberglass, steel and plastic 
12 Yaw system Cast iron, steel and plastic 
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The optimum efficiency of a wind turbine is 59.3%, which is called the Betz’s limit. 
There have been numerous efforts from wind turbine designers to reach this capacity. However, 
the wind turbine efficiency is so sensitive to the wind speed (Dayan, 2006). In our study, the 
efficiency of offshore wind turbines is considered to be 40%. For the onshore wind turbines, due 
to lower wind speed, the efficiency is set to be 30%. Therefore, offshore wind turbines generate 
more electricity than onshore wind turbines during their lifetime. Based on the VESTAS reports, 
the lifetime of a wind turbine has been assumed to be 20 years. According to Table 3, offshore 
V80-2.0MW wind turbine produces 1.43 times more electricity than the V80-2.0MW onshore, 
and offshore V90-3.0MW wind turbine produces 1.77 times more electricity than V90-3.0MW 
onshore wind turbine. Among wind turbines, the foundation of onshore wind plants has a higher 
mass compared to offshore wind turbines (see Table 3).  This is because onshore power systems 
required a higher amount of concrete and steel in their foundation. The weight of foundation in 
V80-2.0MW onshore wind turbines is approximately 4 times more than offshore V80-2.0MW 
turbine, and it is approximately 6 times more than offshore wind turbines for the V90-3.0MW 
turbine.  
Table 3. General specification of the onshore and offshore wind turbines 
Characteristics Units 
Wind Turbines 
Onshore Offshore 
V80- 2.0 MW V90-3.0 MW V80-2.0 MW V90-3.0 MW 
Electricity 
Production 
MWh 113,000 158,000 162,000 280,000 
Tower Height m 78 105 60 80 
Tower weight t 165 235 140 156 
Foundation Weight t 832 1200 203 203 
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The materials of foundations mainly include concrete, iron, and steel. Concrete and iron 
are used for the reinforced concrete, and steel is used for the ferrule. In addition, the tower of 
wind turbine is produced by steel because of the fact that concrete towers need to be built in a 
time consuming and step by step manner which also requires more economic investments 
(Manfred Lenzen & Munksgaard, 2006). Based on Table 3, for the wind turbines with the same 
capacity, the weight and height of the towers for the onshore wind turbines are more than 
offshores. The nacelle includes all of the generator's components in a shelter of glass-reinforced 
plastic. The glass-reinforced plastic is made of 60% glass fibers and 40% epoxy resin. The 
components of the nacelle involve gearbox, generator, main foundation, transformer, nacelle 
cover, yaw system, and cables. Due to the high complexity of components of the nacelle, data 
from previous studies has been used to determine the life cycle inventory of different materials 
found in it (Martínez et al., 2009).  
During the entire lifetime of each turbine, one complete oil change in the gearbox and 
cooling system has been considered in the operation phase. Also, the inspection is divided into 
two stages; in the first operation period daily inspection is considered and for the normal 
operation once in every 3 weeks. For the substation parts, it is assumed that one blade in the total 
life cycle will be replaced, and also 15% of the nacelle components will be replaced. 
Transportation distances are obtained from the wind turbines’ LCA reports (Vestas 2004; Vestas 
2006). The corresponding masses and materials for the wind turbines have been expressed in 
Table 4. 
The effect of recycling input of the materials on the mitigation of environmental impacts 
will be discussed. In the recycling phase, the following removal scenario has been considered 
(See Table 5). 
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Table 4. Corresponding masses and detailed materials of the wind turbines 
Phase Material 
Weight(t) 
V80 -
Onshore 
V90 -
Onshore 
V80- 
Offshore 
V90- 
Offshore 
Manufacturing 
Steel 192.0 265.1 168.4 186.1 
Cast Iron 36.4 40.6 38.3 40.6 
Glass Fiber 18.4 19.8 18.8 19.8 
Epoxy 9.4 10 9.5 10 
Copper 3.9 4.4 4.1 4.4 
Oil 0.9 1.0 0.9 1.0 
Aluminum 0.2 0.2 0.2 0.2 
Polyester 1.7 1.9 1.8 1.9 
Construction 
and Erection 
Crushed Stone 939 939 192 192 
Aggregate & Sand 2,228 2,228 469 469 
Geotextile(HDPE) 1 1 0 0 
Concrete 864.7 1,164.7 304 404 
Iron 27 36 9 12 
Steel 5.1 15.1 5.7 11 
Aluminum 0.8 1.1 0.8 1.1 
Copper 0.3 0.4 2.8 4.3 
Polibutadiene 0.5 0.7 0.5 0.7 
PVC 1.7 1.7 0 0 
Lead 0 0 3.4 5.0 
PEX 0 0 0.5 0.8 
Operation and 
Maintenance 
Diesel 3.2 3.6 8.6 8.6 
Oil 0.9 1 0.9 1 
Glass Fiber 4.3 4.6 4.3 4.6 
Epoxy Resin 2.9 3 2.9 3 
Steel 3.4 3.8 3.6 3.8 
Cast Iron 4.4 5 4.7 5 
Copper 0.6 0.7 0.6 0.7 
Oil 0.1 0.2 0.1 0.2 
Transportation (tKm) 1,045,342 1,170,466 665,221 733,074 
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Table 5. Decomposition Scenario for wind turbines 
Material 
Recycling 
Amount 
Landfill Incineration 
Cover with the 
organic soil 
Steel 90% 10% 0 0 
Cast Iron 90% 10% 0 0 
Copper 90% 10% 0 0 
Aluminum 90% 10% 0 0 
Glass Fiber 0 0 100% 0 
PVC-Plastic 50% 0 50% 0 
Concrete 0 0 0 100% 
Iron (for Reinforcement) 0 0 0 100% 
 
As it has been showed in the Table 5, the foundation has been assumed to be covered by a 
layer of organic soil and it will not be recycled. (Martínez et al., 2009). Considering the end of 
life impact on our results, the contribution of recycling on reducing environmental impacts can 
be discussed. 
For the unit emission factors and fuel efficiency of transportation, NREL life cycle 
inventory database for diesel powered single-unit trucks is used (NREL, 2010). In addition, for 
the recycling phase, the VESTAS recycling scenario for the wind turbines is used. The 
foundation is assumed to be covered by a layer of organic soil, and it will not be recycled 
(Martínez et al., 2009). The producer prices of each energy and material input used in our input-
output based LCA model has been compiled by several publicly available data sources. Then, the 
EIO-LCA tool, which was developed by the Green Design Institute at Carnegie Mellon 
University, is used to quantify the direct and indirect environmental impacts considering 
different life cycle phases (CMU Green Design Institute 2002). Using this approach, GHG 
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emissions, energy consumptions, hazardous waste generation, toxic releases, and water 
withdrawals related to the entire life cycle of onshore and offshore wind turbines are estimated. 
The results of the developed hybrid LCA model are presented in the following section.  
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CHAPTER 5: ANALYSIS RESULTS 
5.1      Introduction 
The Hybrid LCA method is applied to the wind power plants and the Monte Carlo 
Compromise programming is used to find the best energy source for the buildings in the state of 
Florida. The results of Hybrid LCA analysis are presented in the first subsection. These results 
consist of two main parts. First the environmental burden of the wind turbines is represented. 
These environmental impacts include total GHG emissions, GHG emissions per kWh, energy 
consumption, hazardous waste generation, waster withdrawal, toxic releases and the detailed 
water withdrawal, energy consumption and GHG emissions for different life cycle phases. 
Second, a sensitivity analysis over the life time of wind turbine as well as the energy production 
of a wind power plant is performed and results are presented. In the next subsection, the results 
of Compromise programming tool are described. This tool is applied using the average values of 
criteria. Finally the Monte Carlo Compromise programming tool is applied to account for the 
uncertainty in the Input material and the results are presented in the final subsection. 
5.2      LCA Results 
5.2.1      Environmental Emissions 
5.2.1.1      Total GHG Emissions 
By using the hybrid LCA method, the GHG emissions of different life cycle phases is 
studied. In order to have a comparison between the total amounts of GHG emissions per kWh 
electricity production, the total carbon footprints of onshore and offshore wind turbines are 
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compared. The total GHG emissions associated with different life cycle phases is shown in 
Figure 13. The results show that the transportation phase releases the largest amount of GHG for 
all wind turbines. Also, GHG emission of the construction and erection phase is considerable, as 
in the V90-0nshore wind turbine the greenhouse gas emission of construction phase is slightly 
different than transportation phase. In offshore wind turbines, the difference of greenhouse 
emissions between transportation phase and all other phases are much higher than onshore wind 
turbines. As a matter of fact, transportation phase in offshore wind turbine emits almost 48% of 
the total greenhouse gases, while the construction and erection phase is responsible for 25% of 
the GHG emissions. On the other hand, for the onshore wind turbines, the transportation and 
construction and erection phase are emitting 45% and 38% of the total greenhouse gases, on 
average. 
 
Figure 13. Total GHG Emissions (t CO2-eqv) 
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Moreover, the total amount of carbon footprint for the onshore wind turbines are higher 
than onshore wind turbines, as onshore wind turbines emit approximately 1.76 times more GHG 
than offshore wind turbines, for the total life cycle. Looking from another perspective, emissions 
of V90-3.0MW wind turbines is more than V80-2.0MW wind turbines for both onshore and 
offshore (See Figure 13)  
As can be seen from Figure 21, due to using a considerable amount of concrete in the 
foundation of the wind turbines, more than 90% of the GHG emissions of the construction and 
erection phase are related to concrete and its supply chain.  In addition, manufacturing phase 
mostly places third in emitting greenhouse gases. More than 95 % of the carbon footprint in the 
manufacturing phase is related to steel, glass fiber, and epoxy (See Figure 20). On the other 
hand, operation and maintenance phase has the lowest contribution to the total carbon footprint 
among all the phases. 
5.2.1.2      GHG emissions per kWh 
The total greenhouse emissions of different wind turbines are discussed in previous 
section. However, as mentioned in chapter 3, the functional unit of life cycle assessment is kWh. 
Therefore, the rest of the results are presented per kWh produced electricity. The calculated 
carbon footprint per kWh of the V90-3.0MW wind turbines is less than V80-2.0MW wind 
turbines (See Figure 14). This is basically because of the fact that V90-3.0MW wind turbines 
produce more electricity during their life time. As shown previously in Table 3 in the third 
chapter, the amount of electricity generation for V90-3.0MW turbines is approximately 1.6 times 
of V80-2.0MW, on average. For this reason, V80-2MW onshore produces 1.17 times more 
carbon equivalent than V90-3MW onshore and this amount is 1.5 for the offshore turbines. In 
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addition, onshore wind turbines emit more GHG per kWh electricity produced than offshore 
wind turbines. V80-2MW wind turbine produces 2.47 times more carbon equivalent when it is 
installed onshore. This amount is 3.18 times more for the V90-3MW. Moreover, due to the 
decomposition scenario of the input materials, the carbon footprint per kWh electricity decreases 
up to 13% for the onshore wind turbines and up to 18% for the offshore wind turbines. 
 
Figure 14. GHG emissions per kWh (g CO2-eqv/kWh) 
Looking from a different perspective, focusing on different phases, for the GHG 
emissions per kWh produced electricity; transportation phase is responsible for the highest 
impacts, in all turbines. Then the construction and erection phase has the highest contribution to 
the amount of released greenhouse gas. The difference between construction phase emissions 
and manufacturing emissions is more obvious in onshore wind turbines than offshore wind 
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turbines, this is because of the fact that constructing a wind farm on the land consumes more 
construction industry resources than when it is placed off land. 
The accuracy of the input material in the LCA studies plays a vital role in the precision of 
the final results and uncertainty in LCA databases is primary reason for having different results 
between analyses depending upon which databases they used. In this study, in order to verify the 
final results, a comparison between the emissions of related studies on wind turbines has been 
done and represented in Figure 15. Moreover in the following sections, a Monte Carlo simulation 
has been deployed to better portray the uncertainty in the input materials, and specifically in 
transportation distances.  
 
Figure 15.Comparison of wind turbine GHG emissions for different LCA studies 
Wherever the CO2 equivalent was available, this number has been used for the 
comparison. Also while there were onshore and offshore wind turbines, an average of the related 
emissions has been used to represent the calculated burdens of wind power plants. 
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5.2.1.3      Energy Consumption 
The energy consumption of different wind turbines has been depicted in Figure 16. The 
energy consumption for construction and erection phases is found to be the highest in 
comparison to other life cycle phases, for the onshore wind turbines. In the offshore wind 
turbines, the manufacturing phase consumes the highest amount of energy. Again, this is because 
of the lower volume of construction work in the offshore wind turbines. On the other hand, the 
operation and maintenance phase consumes the lowest amount of energy. Another important 
finding is that recycling of wind turbine materials can save up to 24% energy consumption for 
the onshore, and up to 35% for the offshore wind turbines. 
 
Figure 16. Energy consumption of different wind turbines (kJ/kWh) 
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Looking into each life cycle phase, the leading components that consume the highest 
energy is identified. The share of energy consumption of concrete is more than 85% in the 
onshore wind turbines and more than 75% in the offshore wind turbine for the construction 
phase. Concrete, aggregates, and crushed stone are consuming more than 95 % of total energy in 
construction phase (See Figure 21). In addition, for the manufacturing phase, more than 90% of 
the total energy consumption is attributed to steel, glass fiber, and epoxy. Among these materials, 
steel plays a vital role, where more than 60% of total energy consumption is related to steel for 
all of the wind turbines (See Figure 20). 
5.2.1.4      Hazardous Waste Generation 
Figure 17 shows the hazardous waste related to producing electricity from wind turbines 
per kWh of produced electricity, based on units of kg. 
Hazardous waste of the manufacturing phase will take the lead in this graph for the all 
wind turbines. This is mainly because of using steel which itself releases around 50% of the total 
hazardous waste in the manufacturing phase (See Figure 17). After manufacturing phase, 
transportation is found to be responsible for second highest hazardous waste emissions. Similar 
as the previous categories, the emissions of the maintenance phase are the least. It is important to 
note that the recycling of input material will cause a reduction of emitted hazardous wastes. This 
amount is up to 22% for the onshore wind turbines and up to 25% for the offshore wind turbines.  
5.2.1.5      Water Withdrawals 
The results show that water withdrawal of offshore wind turbines is less than onshore 
wind turbines, as indicated in Figure 18. 
46 
 
 
Figure 17. Hazardous Waste (kg/kWh) 
 
Figure 18. Water Withdrawal (gal/kWh) 
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
V80 -Onshore V90-Onshore V80-Offshore V90-Offshore
H
az
ar
d
o
u
s 
W
as
te
 (
kg
/k
W
h
) 
-0.02
-0.01
0
0.01
0.02
0.03
0.04
V80 -Onshore V90-Onshore V80-Offshore V90-OffshoreW
at
e
r 
W
it
h
d
ra
w
al
(g
al
/k
W
h
) 
47 
 
For all onshore and offshore wind turbines, water consumption related to construction 
phase is considerably more than other phases. This dominance over the water withdrawal for the 
construction phase is much higher in onshore wind turbines than offshore wind turbines. This is 
basically related to the higher construction volumes in the onshore wind farms than offshore 
wind farms. The water withdrawal of the manufacturing phase is almost the same for both V80-
2.0MW and V90-3.0MW, while are placed in the same geographical condition. Transportation 
and operation phase do not withdraw much water comparing to the other phases. 
For the onshore wind turbines, concrete, aggregates, and crushed stone approximately 
consume 95% of total water in this phase. On the other hand, concrete, lead, copper, and 
aggregate utilize around 90% of total water for the offshore wind turbines. Almost 70% of total 
water consumption during construction phase can be attributed to concrete, which is used in the 
foundation of the onshore wind turbine. On the contrary, 60% of total water in the offshore wind 
turbines is related to concrete which has been used in construction phase. For the manufacturing 
phase, steel, glass fiber, and epoxy consume around 88 % of total water (see Figure 20). 
When we look at the onshore wind turbines, maintenance phase is found to be responsible 
for the lowest water consumption compared to other phases. For offshore wind turbines, the 
transportation phase uses the minimum amount of water. Another critical result is that with 
recycling of wind turbine components, 18% of total water consumption can be saved for onshore, 
and 25% of total water consumption can also be saved for offshore wind turbines.  
5.2.1.6      Toxic Releases 
Toxic releases for the offshore wind turbines are less than onshore wind turbines, as it has 
been depicted in the Figure 19. Toxic releases are categorized into three different toxic types as 
48 
 
toxic releases to the air, to the surface water and to the underground water. These toxics consist 
of different compound such as Methanol, Surface Acid, Lead compounds, Zinc compounds, 
Ammonia, Copper compounds, Benzene, Arsenic compounds, Nickel compounds, Ethylene and 
etc. Looking at toxics into the air, construction phase releases the highest amount of toxic in the 
onshore wind turbines. This is due to using concrete in the foundations of onshore wind plants. 
Also, construction always causes spreads ashes and debris into the air. The concrete itself 
contributes more than 80% of the air toxics in the construction phase for the onshore wind 
turbines (see Figure 21). On the other hand, for the offshore wind turbine, total air releases of the 
manufacturing phase takes the lead from construction phase.  
In the toxics to the surface water, manufacturing phase emits the most amounts of toxics 
with a considerable difference in all different turbines. Manufacturing and construction phase 
also releases the main toxics in the underground water for all of the wind turbines. 
 
Figure 19. Toxic Releases (mg/kWh) 
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5.2.1.7      Detailed Water Withdrawal, Energy Consumption and GHG Emissions 
Detailed analysis of environmental emissions gives a better understating of which 
material has more effects in each phase. Here, manufacturing and construction and erection 
phase has brought in detailed analysis. Among all of the impact categories, three are chosen: 
water withdrawal, energy and greenhouse gas emissions. For the manufacturing phase, steel and 
stainless steel have the most contribution in these three categories. Then epoxy and glass fiber 
have almost the same contribution. Polyester and Aluminum has the least effects in the 
manufacturing phase, due to their low volume of usage. 
 
Figure 20. Percentage contribution of input materials to water withdrawal, energy, and 
GHG emissions for the manufacturing phase 
There is a different plot of emissions in the construction phase. Here concrete is 
responsible for the most of the effects. In the onshore wind turbines, aggregate and sand are 
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highly used due to construction of wind farm, therefore they highly withdraw water in their life 
cycle and their supply chain related life cycles. Energy consumption in the onshore wind turbines 
are also mainly because of using concrete. On the other hand, construction of offshore wind 
turbines does not require high volumes of aggregates, but electricity transmissions from offshore 
wind farm to the onshore transmission center requires high amount of lead. Lead emits a 
considerable amount of toxics in its supply chain. Although PVC and polibutadiene are among 
toxic materials, their contribution in the construction phase is not serious.  
 
Figure 21. Percentage contribution of input materials to water withdrawal, energy, and 
GHG emissions for the construction and erection phase 
5.2.2      Sensitivity Analysis 
In this section, the effect of two significant parameters on environmental impacts has been 
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turbine. These factors clearly affect the environmental burdens. In order to analyze the sensitivity 
of the results based on changing the produced electricity, all of the other factors have been 
presumed to be constant. The energy produced is assumed to vary between 113 GWh to 280 
GWh for the studied wind turbines, as shown in Table 3. Total carbon footprint has been singled 
out to be a representative of the environmental impacts. 
 
Figure 22. Comparison of GHG emissions with changing electricity production 
In Figure 22, the actual energy production of each of the turbines is depicted on the 
related curves in units of gram CO2 equivalent per kWh produced electricity. Although in reality 
GHG emissions of V90-0ffshore wind turbine is the least among the studied wind turbines, for 
any given energy production, V80-offshore emits less GHG. In other words, while there is a need 
for a specific amount of electricity, V80-offshore wind power plants causes the least 
environmental burden. 
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The analysis shows that the total lifetime of a wind turbine has a proportional effect on 
the environmental burdens per kWh produced electricity. The lifetime of the studied wind 
turbines is 20 years. In Figure 23, GHG emissions of the same wind turbines with the same 
conditions under 15 years and 25 years operation are shown. Besides the lifetime, other affecting 
factors are kept to be invariable. Increasing the life time enhances maintenance and operation 
emissions, while manufacturing, construction and transportation emissions are kept to be 
constant. Increasing the life time causes a higher overall greenhouse emission and also more 
produced electricity. The effect of enhancement in produced electricity overweighs the increase 
in environmental burdens and as a result the greenhouse gas emissions per kWh decrease.  
 
Figure 23. Comparison of GHG emissions with changing lifetime of wind turbines 
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According to Figure 23, this amount varies from 80% to 133% of carbon footprint of the 
actual lifetime. The same trend is discussed in the energy production section, while increasing 
the produced energy will lead to a smaller overall energy consumption. 
5.3      Compromise programming results 
In this section, the results of multi criteria decision making is presented. The goal is to 
select the best source mix of energy based on different criteria for a building. As discussed in 
chapter four, LEED rating system encourages the users to use renewable energy sources. Also 
LEEDv2009, the latest version of LEED for new construction, considers 7 credits for using 
renewable energy sources (USGBC, 2009). In this study, the selection is done for a LEED 
certified building, which can benefit from utilizing renewable energy sources. 
Two main criteria are taken into account: cost and environment. Also four main source of 
electricity is considered as alternatives: coal-fired electricity, natural gas-fired electricity, nuclear 
generating technologies and renewable energies. As discussed in chapter four, only 2.3 % of the 
total 10% of the renewable shares in the U.S. are taken from wind energy systems. However, we 
assume that the renewable energy sources are only provided by our studied wind turbines. 
Therefore, four different wind turbines can supply the renewable energy share of a building.  
5.3.1      Levelized Cost of Energy for Alternatives 
In order to estimate the electricity cost of the studied wind turbines, an economic analysis 
is performed and explained further in this section. The cost of other electricity sources are taken 
from publically available data of International Energy Agency of Department of Energy (EIA, 
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2013). These costs are levelized cost of energy (LCOE). This term is often used while the 
comparison between different types of energy sources is being performed. It represents the cost 
of generating electricity per kWh, with bringing into picture all of the capital and maintenance 
and operation costs of a power plant over its life cycle. In another words, LCOE is an annuity per 
kWh electricity which has the same present value as the total costs of a power plant (CSEP, 
2012). LCOE is the minimum price of electricity to be sold to make the investment break even 
(Short, Packey, & Holt, 1995). Therefore the levelized costs of three nonrenewable energy 
sources are presented in Table 6. These costs are taken from EIA report and are for a 30 year old 
analysis. The studied wind turbines in this study have a life time of 20 years. So in order to 
calculate the LCOE over a 20 year life cycle, the simplified LCOE approach is used (CSEP, 
2012; NREL, 2012): 
                          
     ) 
{[    ) ]   }
 
( 9 ) 
 
CRF is the ratio of an annuity to the present value of that annuity for a given length of 
time. Then the simplified LCOE (sLCOE) is calculated as: 
        
                               
                    
                  ( 10 ) 
 
where n is the number of years, i is the discount rate, Capital costs is in the unit of  $/kW,  
variable O&M are in units of $/kWh and Fixed O&M cost is in $/(kWh.yr) . 8760 is the number 
of hours in a year.  
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To find a LCOE of 20 years from LCOE of 30 years, all the capital costs and O&M costs 
are the same. So approximately, the LCOE of different life span analysis are proportional to their 
related CRF. The 20 year LCOE of three different electricity sources are as follows: 
Table 6. Levelized cost of nonrenewable energy sources 
Energy Source 
LCOE ($/MWh) over a 30 
year life cycle 
LCOE (cents/kWh) over a 
20 year life cycle 
Coal-fired 100.1 11.08 
Natural gas-fired 67.1 7.43 
Nuclear 108.4 12 
5.3.1.1      Economic analysis of onshore and offshore wind turbines 
Using the inventory data of life cycle assessment model, which is explained in chapter 
three, a life cycle cost analysis has been performed to understand the associate costs of 
generating electricity by wind turbines. Then based on these costs and using an economic 
analysis, the levelized cost of per kWh for each wind turbines is estimated. For the life cycle 
inventory data, VESTAS’s reports on aforementioned wind turbines have been used mainly. In 
general the energy production during the life cycle of a wind turbine for offshore turbines is 
more than onshore turbines. It is generally because of the fact that wind speed and also wind 
availability for offshore wind turbines are more than onshore wind turbines. This concept can be 
represented by a capacity factor. Capacity factor is the ratio of the actual energy produced in a 
given period, to the hypothetical maximum possible, i.e. running full time at rated power (Mass. 
Clean Energy Center, 2010). All power plants have capacity factors, and they vary depending on 
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resource, technology, and purpose. In this study based on the inventory data of VESTAS wind 
Systems A/S, the capacity factor of onshore wind turbines has been considered to be 30 % and 
the capacity factor of offshore wind turbines has been considered to be 40 %. Appendix I shows 
the associated costs of each wind turbine in its life cycle phases. Life cycle cost analysis is 
provided for four different phases (manufacturing, construction and erection, operation and 
maintenance services, and transportation costs). Then the required terms for calculating the 
LCOE of different wind turbines and also the calculated LCOE of them can be summarized as 
indicated in Table 7. In order to calculate the LCOE, the discount rate is considered to be 4%. 
This assumption can change the final results critically. As a matter of fact, LCOE is sensitive to 
the amount of discount rate. In this regard, this assumption is made based on the NREL 
suggestion (NREL, 2012). The life time is set to be 20 years, as indicated in the manufacturers 
handbooks and LCA analysis is done based on that. As it will be discussed in the next section, 
the transmission costs are added to this number also. The average transmission costs are assumed 
to be 2.5 cents/kWh electricity (Mills, Wiser, & Porter, 2009). 
Table 7. The required terms of costs to calculate the LCOE 
 
Onshore Offshore 
Type of Cost V80-2.0 MW V90-3.0MW V80-2.0 MW V90-3.0MW 
Capital Cost ($/kW) 3,182 2,694 2,501 1,971 
Fixed O&M ($/kW-yr) 10.74 7.69 13.12 9.09 
LCOE (cents/kWh) 14.6 11.1 12.7 9.6 
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5.3.2      Environmental Impact of Alternatives 
Previously in this chapter, the environmental burdens of different wind turbines were 
discussed. It is assumed that greenhouse gas emissions represent the environmental impacts of 
each alternative. In other words, environmental analysis is done based on the emitted GHG of 
each alternative. There are a few studies that estimated the greenhouse gas emissions of different 
energy sources (Moomaw et al., 2011; Sovacool, 2008; Warner & Heath, 2012). All of these 
studies have gathered the environmental impacts of numerous cases in the United States and all 
around the world. In this thesis, for the environmental impact of nonrenewable energy sources, 
an average of reported greenhouse gas emissions are calculated to better represent the actual 
environmental impacts. Therefore, the greenhouse gas emissions of three different energy 
sources are summarized in Table 8. 
Table 8. Greenhouse gas emissions of nonrenewable energy sources 
Energy Source 
GHG emissions 
(g CO2 eq/kWh) 
Coal-fired 1025 
Natural gas-fired 456 
Nuclear 41 
 
For the studied wind turbines, the results of Hybrid LCA model are used and greenhouse 
gas emissions of different onshore and offshore wind power plants can be summarized as shown 
in Table 9. Finally, the value of criteria for each alternative can be identified as indicated in 
Table 10. 
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Table 9. Greenhouse gas emissions of onshore and offshore wind turbines 
 
Wind Turbine 
GHG 
emissions (g 
CO2 eq/kWh) 
Onshore 
V80- 2.0 MW 18.6 
V90-3.0 MW 16.1 
Offshore 
V80-2.0 MW 7.4 
V90-3.0 MW 5.1 
 
Table 10. Summary of value of criteria 
Alternatives (Energy Source) 
Criteria 
Cost (cent/kWh) 
Environmental 
(g CO2 eq/kWh) 
Coal-fired 11.08 1025 
Natural gas-fired 7.43 456 
Nuclear 12 41 
V80- 2.0 MW Onshore 14.6 18.6 
V90-3.0 MW Onshore 11.1 16.1 
V80-2.0 MW Offshore 12.7 7.4 
V90-3.0 MW Offshore 9.6 5.1 
5.3.3      Compromise programming Results 
The parameters of optimization model are presented as follows: 
Index: 
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Parameters: 
                                                 
                                                          
Decision Variable: 
                                      
Objective Functions: 
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    ) denotes the costs objective functions and     ) represents the environmental 
objective function. The total of Xm is 1 (Eq.12). Am is denoted as the levelized cost of energy type 
m, whereas Bm is denoted as the environmental impact (Eq.10-11).  
Based on the EIA future electricity fuels mix, the capacities of each of the alternatives are 
considered as constraints (Eq. 13-16). Due to EIA detailed stated wide data on electricity 
capacity of different energy sources, there is not any wind energy capacity for the state of 
Florida. Therefore the summation of the capacity of wind energy for the regions 4 and 6 of 
United States’ Federal Region map is used (EIA, 2012c). This region contains Alabama, Florida, 
Georgia, Kentucky, Mississippi, North Carolina, South Carolina, Tennessee, Arkansas, 
Louisiana, New Mexico, Oklahoma and Texas. The detailed calculation of constraints of each 
alternative is shown in Table 11. 
Table 11. Electricity production capacity and Electricity consumption, state of Florida, 
2011 (EIA, 2011a, 2011b) 
Energy Sources Coal-fired Natural gas-fired Nuclear Wind 
Capacity (MWh) 103,981,922 172,727,747 44,030,736 74,517,487 
     
Residential and Commercial Electricity Consumption 208,119,000 
  
Constraint Ratio 0.5 0.8 0.2 0.4 
 
Solving equation 8 using LINDO optimization software reveals the following results for 
different weights of cost and environment (See Table 12). Interestingly, V90-3.0MW offshore is 
the only wind turbine that is selected among the renewable energy sources. This is due to its 
lowest environmental impacts and also lowest cost of operation. As it can be seen while the 
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weight of cost is more than environment, 80 percent of the building’s energy is provided by 
natural gas-fired sources. The other 20 percent is then provided by V90-3.0MW. In a more 
balanced situation, where the weight of cost and environment are 70 and 30 percent, 
consequently, the share of wind energy source is increased to 40 percent, reaching its final 
capacity. Natural gas-fired power plant is providing the other 60 percent of electricity. While the 
environmental issues are the only important decision making criteria, nuclear energy also 
becomes one the feasible options by gaining 20 percent of shares. 
Table 12. MCDM results for average values of criteria 
Weight of 
Cost 
Weight of 
Environment 
Coal-
fired 
Natural 
gas-
fired 
Nuclear 
Onshore Wind Offshore Wind 
V80- 
2.0MW 
V90-
3.0MW 
V80-
2.0MW 
V90-
3.0MW 
1 0 0% 80% 0% 0% 0% 0% 20% 
0.9 0.1 0% 80% 0% 0% 0% 0% 20% 
0.8 0.2 0% 80% 0% 0% 0% 0% 20% 
0.7 0.3 0% 60% 0% 0% 0% 0% 40% 
0.6 0.4 0% 60% 0% 0% 0% 0% 40% 
0.5 0.5 0% 40% 20% 0% 0% 0% 40% 
0.4 0.6 0% 40% 20% 0% 0% 0% 40% 
0.3 0.7 0% 40% 20% 0% 0% 0% 40% 
0.2 0.8 0% 40% 20% 0% 0% 0% 40% 
0.1 0.9 0% 40% 20% 0% 0% 0% 40% 
0 1 0% 40% 20% 0% 0% 0% 40% 
 
Figure 24 shows the schematic graph of changes in shares of selection for energy sources. 
In this graph, only those energy sources are depicted that were selected during the multi criteria 
decision making approach. 
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Figure 24. Optimal share of electricity sources for a building (based on average values) 
5.4      Monte Carlo Compromise programming Results 
Consequently, a stochastic multi-objective optimization model is combined with the 
Hybrid-LCA results to optimize the multiple cost and environmental objectives, simultaneously. 
In the previous section, it was assumed that the input parameters were known with certainty. 
Therefore, the cost data and environmental impacts did not address the variability that is inherent 
in the input variables. In order to account for the variability of critical input variables, a Monte 
Carlo simulation was performed. The utilization of a Monte Carlo simulation enabled us to 
estimate the impact of the variability in cost of different energy sources alternatives (-30% to 
+30%) and the transportation distance of the input materials. As the transportation phase is 
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responsible for almost 50% of the greenhouse gas emissions in the studied wind turbines life 
cycles, we assume that the environmental criteria also varies within this range (-50% to +50%). 
MATLAB
®
 programming software is then used for coding the Monte Carlo simulation and 
compromise programming algorithms. A uniform distribution was assumed for each selected 
variable and 10,000 replications have been applied for each Monte Carlo simulation. Using 
Monte Carlo simulation, the uncertainties in different input variables have been taken into 
account for different energy alternatives for a building.  
In this analysis, a compromise programming model is combined with Monte Carlo 
simulation in order to select the most appropriate share of electricity for a building based on 
different weights of cost and environmental impacts. As shown in Figure 25, the percentage 
weights of selection of each pavement methods has been ranged between 0 and 1.  
As mentioned before, wind turbine V90-3.0 MW offshore has the lowest environmental 
impacts than other wind turbines and therefore when the environmental weight (EW) is critical, 
this energy source has the highest share of selection among other renewable sources which is 
32% out of 40% capacity of renewable sources. In this situation, nuclear sources gain their 
maximum share of electricity by 20%. Gas-fired power plants will provide the highest share of 
electricity in all of the weight combinations, as even while the environmental impacts matter, 
they provide 39% of electricity. For example, in a balanced weighting situation in which cost and 
environmental impacts have equal importance, the percentage of selection of renewable sources 
stays the same as their maximum capacity and gas-fired increases, changing its share to 42%. In 
addition, when cost criteria have more importance than environmental impacts, renewable 
energy share stays at maximum 19%. In contrast, the gas-fired sources share increase up to 73%.    
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Figure 25. Percentage of selection of each energy source for different cost (CW) and 
environmental (EW) weights 
5.4.1      Projection of Energy Source Mix 
According to Department of Energy’s scenario about 20% Wind Energy by 2030, this 
section tries to find the best energy source mix by the year of 2030, considering the fact that 20% 
for the Florida’s wins energy comes from the local sources. In another words, it has been 
assumed that by 2030, Florida is able to generate 20% of its energy consumption by means of 
wind power plants. In this case, the transmission cost diminishes and the electricity cost of wind 
energy will be reduced. We assume that still 20% of the renewable energy sources come from 
out of state, as mentioned in the previous section. Therefore, as depicted in Figure 26, the energy 
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source mix seem to move toward using more renewable energy sources, even while the situation 
between cost and environment is balanced. In another words, the share of renewable energy 
sources reaches its final capacity when the weight of cost and environment are equal. However, 
in 2030, considering a portion of wind energy to be provided by local Florida market makes the 
renewable energy sources to reach their final capacity while the weight of cost is 60% and the 
weight of environment is 40%. It means even if the importance of cost dominates the 
environment, still wind energy sources are the optimal solution. 
 
Figure 26. Projection of percentage of selection of each energy source for different cost 
(CW) and environmental (EW) weights 
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Among wind energy sources, V80 onshore wind turbine is never selected an option in any 
combination of cost and environment weight, meaning while there is need to install onshore 
wind turbines, V90 onshore is a better option. It produces less environmental impact and the cost 
per kWh produced electricity is lower than V80 onshore. However, its initial capital cost is more 
than V80 onshore wind turbine. On the other hand, V90 offshore wind turbine always gets the 
highest interest among economists and environmentalists. 
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CHAPTER 6: CONCLUSIONS 
In this study, a hybrid LCA model has been developed to analyze the environmental 
impacts of two onshore and two offshore wind turbines. The analysis result of applying this 
method showed that although the resource consumption of offshore wind turbines is higher than 
onshore wind turbines (except for concrete which is mainly used in the foundation of onshore 
wind turbines), offshore wind turbines have less environmental impacts than onshore wind 
turbines per kWh electricity generation in their life cycle period. On average, the GHG emissions 
for onshore and offshore wind turbines are 17.37 and 7.44 g CO2 eqv/Kwh, consequently. In 
addition, V90 wind turbines are more environmentally friendly than V80 wind turbines per kWh 
of generated electricity, while they emit 14% less GHG emissions in onshore and 30% less in 
offshore wind turbines. This is because V90-3.0MW generates more electricity during its 
lifetime than V80-2.0MW.  
In this research, the impacts of net electricity production and life cycle period on the net 
environmental footprint of wind turbines have been also analyzed. The results indicate that by 
increasing the lifetime of each wind turbine, the environmental footprint of electric power 
generation for each onshore and offshore plant will significantly be reduced. Therefore, the 
longer lifetime the wind turbine has, the less environmental impact the wind turbine generates 
per kWh electricity production. In addition, our results also show that the more capacity the wind 
turbine has, the less environmental impact the wind turbine generates in its lifetime. 
Moreover, data collection phase in each LCA analysis consumes considerable amount of 
time and budget. The precision of life cycle inventory plays a vital role in accuracy of final 
results. Therefore, in order to reduce the errors resulting from mistakes in input material 
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quantification, a Monte Carlo simulation method is used to account for the variability in input 
material. This method then was coupled with compromise programming to find the best energy 
mix for the building in the state of Florida. The results showed that different mixes are suitable 
for different economic and environmental weights. Nonrenewable energies, or specifically in this 
research wind energies, are more suitable while the environmental weights are higher than 
weight of cost. On the other hand, when the weight of cost dominates the importance of 
environment, natural gas gets the highest chance of selection in the energy mix. 
In U.S., offshore wind power plants are still not used as much as on shore wind power 
plants. Until 2009, all wind power plants in U.S. had been located on land (Wiser et al., 2010). 
However, the findings of this research show that offshore wind turbines generate less 
environmental impacts in their entire life cycle period when compared to onshore wind turbines. 
Therefore, it is important to note that offshore wind power technologies can be a viable solution 
to minimize the net environmental impact associated with electricity generation in U.S. 
In this research, only four different types of wind turbines were analyzed. The optimum 
energy mix would be more accurate if different wind turbines in different regions were studied 
with the same LCA methodology. Moreover, for the nonrenewable energy sources the average 
value of costs and GHG emissions from publically available data were used. The availability of 
specified data for the state of Florida is one of the shortcomings of this research. Also, the 
constructability of the offshore wind turbines is less than onshore wind turbines. This can be 
another criterion for the decision makers to look at in the future studies.  
Last but not least, using wind turbines for electricity generation has a wide range of 
economic, social, and ecological benefits, such as employment, reduced dependency on foreign 
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energy sources, or minimized land use for power generation. For future studies, we recommend 
to extend the existing LCA methodology, and develop a triple bottom line (TBL) sustainability 
assessment model in which economic, social, and ecological impacts of wind energy systems can 
be analyzed by using the same EIO analysis framework. To accomplish this, several TBL 
sustainability assessment metrics should be merged with input-output analysis that will provide a 
more comprehensive sustainability analysis of wind technologies. 
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APPENDIX: LIFE CYCLE COST DETAILS 
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V80 Onshore V90 Onshore V80 Offshore V90 Offshore
Steel & Stainless Steel 1,708,838       2,359,539       1,498,516       1,656,421      
Cast Iron 38,349             42,771             40,304             42,771            
Glass Fiber 744,502           798,998           758,899           798,998          
Epoxy 381,710           404,556           384,566           404,556          
Copper 266,838           297,459           279,961           297,459          
Oil 6,007                6,696                6,302                6,696              
Aluminum 12,462             13,892             13,075             13,892            
Polyester 18,569             20,754             19,661             20,754            
3,177,275       3,944,664       3,001,284       3,241,546      
Crushed Stone 63,014             65,187             20,882             22,215            
Aggregate and Sand 132,526           137,095           45,212             48,098            
Geotextile(HDPE) 10,634             11,001             -                    -                   
Concrete 2,009,673       2,800,254       1,145,076       1,618,878      
Iron 8,249                11,377             4,456                6,321              
Steel 13,267             40,425             23,872             48,907            
Aluminum 12,590             19,535             20,404             32,559            
Copper 5,156                8,001                90,334             144,149          
Polibutadiene 1,479                2,295                2,397                3,826              
PVC 12,970             13,417             -                    -                   
Lead -                    -                    61,352             97,902            
PEX -                    -                    2,772                4,424              
2,269,557       3,108,589       1,416,757       2,027,280      
diesel 54,166             60,184             144,442           144,442          
Oil 6,007                6,696                6,302                6,696              
glass fibers 174,887           184,477           175,530           184,477          
epoxy resin 116,591           122,985           117,020           122,985          
Stainless Steel 30,371             33,856             31,865             33,856            
Cast Iron 4,678                5,215                4,908                5,215              
Copper 40,026             44,619             41,994             44,619            
Oil 901                   1,004                945                   1,004              
Aluminum 1,869                2,084                1,961                2,084              
429,496           461,121           524,967           545,379          
Steel 103,999           149,409           114,110           128,763          
Stainless Steel 26,694             29,768             33,652             35,722            
Cast Iron 40,949             46,702             48,742             52,591            
Glass Fiber 19,948             21,338             24,329             25,606            
Epoxy 10,812             11,446             13,059             13,735            
Copper 4,073                4,559                6,081                6,909              
Oil 906                   1,009                1,140                1,211              
Aluminum 358                   452                   546                   698                  
Polyester 1,492                1,668                1,896                2,001              
Crushed Stone 164,843           164,843           67,412             67,412            
Aggregate and Sand 391,129           391,129           164,667           164,667          
Geotextile(HDPE) 181                   181                   -                    -                   
Concrete 151,799           204,465           106,735           141,846          
Polibutadiene 82                      123                   164                   246                  
PVC 294                   294                   -                    -                   
Lead -                    -                    1,180                1,770              
PEX -                    -                    1,180                284                  
917,557           1,027,386       584,894           643,461          
Costs($) - 2012 costs
Operation and 
Maintanance 
Services
Total
Transportation
Total
Manufacturing of 
the Wind Turbine 
and related 
Components
Total
Construction and 
Erection
Total
Phase Material
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